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Abstract: SiC fiber reinforced SiBCN ceramic matrix composites (CMCs) have been prepared by 
mechanical aloying and consolidated by hot pressing. During the sintering process, amorphous SiC 
fibers crystalized seriously and transformed into -SiC. Meanwhile, the interfacial carbothermal 
reactions caused the strong bonding between the matrix and fibers. As a result, SiCf /SiBCN fractured 
in a typical catastrophic manner. Room-temperature mechanical properties reached the maximums for 
the CMC samples sintered at 1900 ℃/60 MPa/30 min. The density, flexural strength, Young’s 
modulus and fracture toughness are 2.56±0.02 g/cm3, 284.3±17.9 MPa, 183.5±11.1 GPa and 
2.78±0.14 MPam1/2, respectively. 
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1  Introduction 
SiBCN ceramics have been widely investigated due to 
their beter high-temperature properties such as 
oxidation [1–3] and creep resistance [4,5], which are 
expected to be applied in aerospace and anti-ablation 
structures in the future. Recently, various methods to 
fabricate these novel ceramics have been atempted 
such as precursor infiltration and pyrolysis (PIP) [6,7], 
physical vapor decomposition (PVD) [8,9] and 
mechanical aloying and hot pressing (MA–HP) [10]. 
However, a general problem of these ceramics is their 
britleness, especialy utilized under severe thermal 
shock or ablation environment. Thus, some approaches 
to reinforce the matrix such as the introduction of 
fibers are necessary. 
Among the reinforcements for precursor derived 
ceramics, fibers have been widely used in 
manufacturing the fiber reinforced ceramic matrix 
[11–14]. By the fiber/matrix debonding and fiber 
pul-out, elastic strain energy (or the stress field of the 
crack tip) could be dissipated in this kind of ceramic 
matrix composites (CMCs). Carbon fibers have usualy 
been chosen as the reinforcements due to their 
outstanding high-temperature properties. Through the 
method of polymer impregnation pyrolysis, fiber 
reinforced ceramic composites could be fabricated by 
vacuum assisted infiltration of a liquid SiBCN 
precursor into stacked woven carbon fiber fabrics 
[12,13]. SiC particles are also utilized to improve the 
thermal stability of CMCs [15]. Unfortunately, carbon 
fibers could easily be oxidized in air atmosphere or 
oxygen contained ablative environment, which would 
steadily decrease the mechanical properties [16]. Mass 
ablation rate and linear ablation rate of Cf /SiBCN 
composites are namely 15.2 mg/s and 0.0455 mm/s 
under an oxyacetylene torch environment respectively, 
which are notably more than those of SiC fiber 
reinforced composites [16]. To improve the ablation 
 
* Corresponding author. 
E-mail: dcjia@hit.edu.cn 
J Adv Ceram 2015, 4(1): 31–38 
www.springer.com/journal/40145 
32 
properties, silicon carbide fibers have been chosen as 
the reinforcement of SiBCN matrix in our recent 
research [17].  
In this paper, SiCf /SiBCN CMCs have been 
prepared by mechanical aloying and hot pressing. 
Mechanical properties and microstructures of the 
CMCs were carefuly studied, especialy the behavior 
of carbon difusion in the adjacent area of fibers. These 
results may be helpful for the choice of coating on SiC 
fibers and applications of fiber reinforced SiBCN 
composites. 
2  Experimental procedures 
2. 1   Amorphous SiBCN powder preparation 
Preparation of amorphous SiBCN powder has been 
discussed in our previous research [18,19]. Crystaline 
raw materials, namely cubic silicon (45.0 m, 99.5% in 
purity, Beijing MounTain Technical Development 
Center, China), hexagonal boron nitride (0.6 m, 
98.0% in purity, Advanced Technology & Materials Co. 
Ltd., Beijing, China) and graphite powder (8.7 m, 
99.5% in purity, Qingdao HuaTai Lubricant Sealing 
S&T Co. Ltd., China) were used as starting materials 
in the experiment. The composition was designed as 
Si:C:BN = 2:3:1 in molar ratio. This designation 
depended on the literature and our previous research to 
compare with precursor derived ceramics [20]. The 
bal-to-powder mass ratio was set as 20:1. The powder 
mixture was loaded in silicon nitride vials along with 
silicon nitride bals under an argon atmosphere. Sealed 
with rubber rings, two vials were fixed on a planetary 
bal mil (Fritsch P4, Germany). The rotation speed of 
the main disk was set at 350 rpm and the vials 600 rpm 
in reverse, and the total miling time was 40 h. The 
miling parameters have been discussed in another 
previous research paper [19].  
2. 2  Fabrication of SiCf/SiBCN ceramic composites 
by hot pressing method 
The properties of SiC fibers are summarized in Table 1. 
Before being cut into 1–2 mm in length, the fibers 
were treated to remove the organics on the surface 
under 370 ℃/2 h/air. Then the powder and fibers were 
mixed with ethanol by bal miling for 4 h. The mixture 
was dried and hot pressed in HIGH MULTI 1000 
furnace. The mixture was heated to a set sintering 
temperature (1800 ℃ or 1900 ℃) under a heating rate 
of 20 ℃/min, and then kept at the target temperature 
and pressure in the nitrogen atmosphere (1 bar) for 
30 min or 60 min. The loading process of the axial 
pressure started at 1200 ℃ and finished at 1400 ℃. 
During the cooling stage, the pressure was slowly 
unloaded in 5 min. The sintering methods and serial 
numbers are listed in Table 2. 
2. 3   Microstructure and property characterization 
For the phase identification, X-ray difractometer 
(40 kV/100 mA, D/max-B Cu K, Rigaku Corporation, 
Japan) was used to obtain the X-ray difraction (XRD) 
spectra at 2 = 10°–90° with a scanning speed of 
4 (°)/min. The as-miled SiBCN powder and fracture 
morphologies of the ceramics were observed by 
scanning electron microscopy (SEM, 30 kV, Quanta 
200FEG, FEI Co., USA). The microstructure and 
energy dispersive X-ray spectroscopy (EDX) analysis 
were conducted on the transmission electron 
microscope (Tecnai G2 F30, 300 kV, FEI Co., USA). 
The property measurement was carried out on 
omnipotence mechanics tester (Instron 5569, Instron 
Co., USA). Flexural strength and Young’s modulus 
were obtained using three-point bending test on 3 mm× 
4 mm × 32 mm bars with a span of 20 mm and a 
crosshead speed of 0.5 mm/min. Fracture toughness 
was tested on 2 mm × 4 mm × 20 mm bars with a span 
of 16 mm and a crosshead speed of 0.05 mm/min.  
3  Results and discussion 
3. 1   Characterizations of amorphous powder  
Crystaline raw powder has been completely 
decrystalized after 40 h miling from the XRD patern 
as shown in Fig. 1. Through the crash between silicon 
Table 1   Parameters of SLFC1 SiC fibers adopted in 
the current research 







SLFC1  2.36   13±0.5   1.5±1.0   140±10  
 
Table 2  Sintering method and serial number of 
SiCf/SiBCN composite specimens 
Sintering method 






180060  1800   60  30  
190040  1900   40  30  
19006030  1900   60  30  
19006060  1900   60  60  
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nitride vitals and bals, physical and chemical reactions 
including fierce colisions, rupture, local temperature, 
fusion and short-range colisions, happen during 
high-energy mechanical aloying. Meanwhile, in Fig. 
1(b), the amorphous powder is composed by numerous 
near-spherical agglomerates. In our previous research, 
these agglomerates are formed by nano particles, 
whose grain sizes are statisticaly 116±34 nm by 
transmission electron microscopy (TEM) analysis. 
More information about the amorphous powder, such 
as physical and surface characteristics, has been 
described in other research papers [18,19]. 
3. 2   Microstructures of SiCf /SiBCN composites 
After hot pressing, the mixture of short SiC fibers and 
SiBCN amorphous powder has crystalized seriously. 
The ceramic matrix consists of -SiC, -SiC and BNC 
phases (Fig. 2). When the sintering temperature rises 
from 1800 ℃ to 1900 ℃, the difraction peaks exhibit 
a reduced ful width at half maximum (FWHM) and 
increased peak intensity, implying higher crystal 
content. Meanwhile, it reveals that -SiC phase tends 
to transform to -SiC, according to the relative 
intensities of SiC phases. Similar results are also 
obtained when the sintering pressure or holding time 
are further increased. 
Figure 3(a) gives the TEM microstructures of the 
SiCf /SiBCN matrix prepared at 1900 ℃/60 MPa/ 
60 min. The composite matrix mainly consists of 
nano-sized SiC and BNC grains. SiC grain size is 
about 100 nm as shown in Fig. 3(a). Meanwhile, BNC 
phases primarily distribute in the interphase of SiC 
grains and limit SiC grain growth [20]. However, it is 
dificult to observe the morphology of SiC fibers 
because the contrast of the composite matrix is similar 
with SiC fibers. Thanks to EDX spectrum, SiC fiber 
region is found in the composites sintered at 1800 ℃/ 
60 MPa/30 min. SiC fibers were severely crystalized 
and the size of SiC grain is about 100 nm after hot 
pressing (Figs. 3(b) and 3(c). 
Unfortunately, because the only diference between 
the matrix and fiber of bright field image is the 
existence of BNC interphase, the boundary between 
matrix and fiber is hard to be observed by TEM. More 
researches about the boundary would be reported in 
our further research.  
3. 3  Interfacial carbothermal reactions in SiCf/SiBCN 
composites during the sintering process  
Figure 4 indicates the fractured surface morphologies 
of SiCf /SiBCN composites prepared at 1900 ℃/ 
60 MPa/30 min. Layer-fractured phenomenon of SiC 
fiber could be generaly found in the fractured surface. 
Protrusions or pits exist in the center part of SiC fiber 
and the thickness of fractured layer is about      
2 m, which equals to the SiC sheath shown in     
Fig. 4(a). Meanwhile, on the fractured surface of 
composites prepared at 1900 ℃/60 MPa/60 min, 
similar phenomenon could be observed as wel but the 
2 (°) 
Fig. 1  (a) XRD analysis of raw powder mixture and as-miled amorphous SiBCN powder; (b) and (c) surface morphology of 









As - miled 
Fig. 2  XRD analysis of SiCf/SiBCN composites 
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thickness increases and few protrusions or pits are left 
in the center area of the fiber. Between the edge and 
center of SiC fiber, there also exists a low-density layer.  
Element analysis by line scanning around the fiber’s 
adjacent area has been shown in Fig. 5. Three regions 
could be apparently observed from the outsides and 
insides, namely, SiC sheath, transition layer and center 
region. In the SiC sheath and center region, the content 
of carbon is significantly higher than that of transition 
layer. Meanwhile, the obvious carbon gradient exists in 
the fiber area. EDX spectra of fiber’s diferent areas by 
TEM show the same result (Figs. 3(b) and 3(c)) as the 
line scanning analysis. Based on the results above, it 
can be inferred that chemical reactions happen during 
the sintering process and cause carbon difusion in the 
adjacent area of fibers.  
 
 
Fig. 5  Uniform distribution of carbon in the adjacent 
area of fibers: (a) electron back-scatered difraction 
(EBSD) analysis of SiCf /SiBCN composite surface; (b) 
line scanning in Fig. 5(a). 
SiCxOy and excess carbon in the SiC fibers and 
amorphous SiBCN powder are the main reason causing 
the carbon difusion during the sintering process. SiC 
fibers applied in the experiments are similar with the 
first generation of Nicalon SiC fibers (Tokyo, Japan). 
During the curing process of fiber preparation, a large 
amount of oxygen (~1%) is introduced [21]. After the 
pyrolysis in the nitrogen atmosphere, fibers are 
composited of silicon, carbon and oxygen which form 
the amorphous SiCxOy phase. Assisted by X-ray 
Fig. 3  (a) Bright field image and SAED patern (inset) of SiCf /SiBCN CMCs prepared at 1900 ℃/60 MPa/60 min; (b) and 
(c) microstructures and EDX analysis of SiC fibers in SiCf /SiBCN composites prepared at 1800 ℃/60 MPa/30 min in diferent 
areas. 
Fig. 4  Layer-fractured phenonemon in the SiCf/SiBCN 
composites prepared at 1900 ℃/60 MPa/30 min and 
60 min: (a) pits in the center of SiC fibers; (b) thickness of 
react layer; (c) protrusions in the center of SiC fibers; (d) 
morphology of fractured surface prepared at 1900 ℃/  
60 MPa/60 min. 
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photoelectron spectroscopy (XPS) spectrum, the 
elemental and chemical analysis of fibers reflects that 
Nicalon fiber is a continuous SiC and SiCxOy 
tetrahedron network with an excess of carbon and 
exhibits a silica sheath according to the SiCxOy 
bonding at 102.5 eV which is intermediate between 
SiC and SiO2 [22–25].  
On the other hand, excess carbon, or free carbon, 
also influences interfacial microstructures between 
fibers and matrix. SiC fibers have been heat treated in 
370 ℃ for 2 h to improve the dispersity of fibers in our 
research. The carbon in the out layer of fibers would 
react with oxygen and the content of free carbon 
decreases to cause SiO2 or SiCxOy formed. Besides, 
free carbon also exists in amorphous SiBCN powder 
because the powder is fabricated by mechanical 
aloying and raw powder includes graphite. Related 
results have been reported in our other research paper 
[18]. Thus, free carbon in the fibers and powder would 
react with SiO2 and cause the strong bonding between 
fibers and matrix.  
According to previous work and our analysis, we 
summarize the schematic of carbon difusion and 
layer-fractured formation in Fig. 6. Carbon difusion in 
the SiCf /SiBCN ceramic composites is atributed to   
the carbothermal reactions between the free carbon   
and silica or silicon monoxide. The interfacial 
carbothermal reactions provide the difusion drive and 
cause the gradient of carbon. In the first step from 
1000 ℃ to 1500 ℃, the SiCxOy phase would partly 
decompose to SiC and SiO2, and -SiC crystals would 
be left during this process as shown in Fig. 6(b) [26]. 
When the sintering temperature rises to 1500 ℃, 
carbothermal reactions would happen and porous SiC 
transition layer would be formed on the surface of SiC 
fibers. If the temperature reaches above 1600 ℃, free 
carbon would react with the silicon monoxide 
produced by the decomposition of SiCxOy phase and 
form the SiC sheath on the transition layer 
accompanying with the carbothermal reactions [27]. 
Possible reactions related to the gas formation are as 
folows: 
2SiO (s)+3C(s) SiC(s)+2CO(g)           (1) 
1 1SiC O (s) SiC(s)+ SiO(g)2 2x y
x y y x     
1CO(g)2
x y               (2) 
SiO(g)+C(s) SiC(s)+CO(g)              (3) 
22SiO(g)+3C(s) 2SiC(s)+CO (g)            (4) 
The above reactions have been confirmed by 
experimental data and thermodynamics. The release of 
gas, such as CO, SiO and CO2, causes the porous 
transition layer. Reactions (2), (3) and (4) are the 
reasons which obtain the formation of SiC sheath. The 
formation of SiC sheath and the calculation of 
thermodynamics could not indicate that the reactions 
could be possessed during the sintering process but 
prove the theory of re-deposition of SiC grains on the 
surface of SiC fibers as Honstein et al. proposed [27]. 
Fig. 6  Schematic of carbon difusion and layer-fractured 
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3. 4   Mechanical properties of SiCf/SiBCN ceramic 
composites 
Figure 7 shows the typical fractured behavior of 
SiCf/SiBCN ceramic composites. Unfortunately, the 
fractured behavior of composites is catastrophic britle 
manner and the introduction of short SiC fibers could 
not change the fractured behavior due to SiC fiber 
crystalization and the strong interfacial bonding 
between SiC fibers and the matrix. When the crack 
propagates to SiC fibers, crack deflection cannot take 
place and it tends to directly cut through the interphase 
of SiC grains. These situations are also reflected from 
the fractured surface of three-point bending specimen 
as ilustrated in Fig. 8. Except the specimen prepared at 
1900 ℃/60 MPa/30 min, no fiber pul-out could be 
observed on the fractured surfaces. Meanwhile, in the 
specimen prepared at 1900℃/60 MPa/30 min, the 
length of fiber pul-out is short so the toughening efect 
from the SiC fibers could not be insured. Further 
researches about BN weak layer have been surveyed in 
our other research paper in the future. 
Table  3  summarizes  the  room-temperature  
mechanical properties and average thermal expansion 
coeficient of SiCf /SiBCN ceramic composites. The 
average thermal expansion coeficient of SiCf /SiBCN 
ceramic composites is slightly lower than that of the 
pure MA-SiBCN ceramic, whose thermal expansion 
coeficient is about 4.7×106 (℃)1. In the three-point 
bending fractured surface of specimen prepared at 
1800 ℃/60 MPa/30 min, the density of matrix is low 
and micro-defects in the matrix limit the mechanical 
properties of composites. With the increase of sintering 
parameters such as sintering temperature, pressure and 
holding time, the density of matrix improves notably 
and mechanical properties improve as wel. 
Mechanical properties reach the maximum values after 
hot pressing at 1900 ℃/60 MPa/30 min.  The ceramic 
composite has room-temperature density, flexural 
strength, Young’s modulus and fracture toughness of 
2.56±0.02 g/cm3, 284.3±17.9 MPa, 183.5±11.1 GPa 
and 2.78±0.14 MPam1/2, respectively. Compared with 
our previous research about carbon fiber reinforced 
SiBCN matrix, the mechanical properties improve 
Fig. 8  Morphology of fractured surfaces of SiCf/SiBCN composites prepared at diferent sintering methods: (a) and (d) 
1800 ℃/60 MPa/30 min; (b) and (e) 1900 ℃/60 MPa/30 min; (c) and (f) 1900 ℃/60 MPa/60 min. 
Fig. 7  Typical fractured behaviors of SiCf/SiBCN 
composites at diferent sintering methods. 
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notably. However, flexural strength of the specimen 
prepared at 1900 ℃/60 MPa/60 min is decreased 
compared with that prepared at 1900 ℃/60 MPa/    
30 min and fracture toughness is increased. On the 
fractured surface of the specimen prepared at 1900 ℃/ 
60 MPa/60 min, reactions between the matrix and 
fibers occur seriously and no fiber pul-out could be 
observed but some pits could be found. The size and 
shape of pits are diferent with SiC fiber pul-out pits, 
as shown in Fig. 8(f). Maybe SiC grains in the matrix 
grow with the holding time increasing. SiC grain 
pul-out could also improve the fracture toughness of 
SiCf /SiBCN composites.  
3. 5   Relations between interfacial carbothermal 
reactions and mechanical properties of 
SiCf/SiBCN composites 
Apparently, interfacial carbothermal reactions decrease 
the mechanical properties of SiCf/SiBCN composites 
at room temperature, especialy the reinforcement of 
SiC fibers. The reactions between free carbon and SiO2 
sheath of as-prepared SiC fibers would cause the 
strong bonding between the matrix and fibers. It makes 
the fibers hard to be debonded from the matrix when 
the composites are fractured. Meanwhile, the formation 
of porous transition layer is atributed to gases emiting 
such as SiO(g), CO(g) and CO2(g) during the sintering 
process. It also causes the degradation of SiC fibers. 
When the crack propagates through the SiC sheath, the 
crack could easily deflect in the transition layer and 
form the layer-fractured phenomenon.  
Nowadays, similar results about the carbothermal 
reactions or porous layer between fibers and matrix 
during the sintering process have been investigated by 
other research groups as wel. Layer-fractured 
phenomenon could be found in the SiCf /SiC ceramic 
composites prepared by chemical vapor infiltration 
(CVI), in which SiC fibers have been coated by 
PIP-SiC [28]. Because of the weak bonding between 
CVI-SiC and PIP-SiC, the fractured surface of SiC also 
reflects the same phenomenon of these experiments. 
Chen et al. [21] also pointed out that the oxygen 
picked up during the oxidation curing would influence 
the stoichiometry of sinter SiC fibers and the evolution 
of CO, CO2 and SiO generates high porosity. 
Aluminum or Al/B sintering additives have been 
introduced to the fibers as sintering additives improve 
the densification of fibers. To sum up, carbothermal 
reactions lead to the strong bonding and porosity layer 
between the matrix and fibers at the same time, which 
decrease the reinforcement of fibers. 
To improve the properties of SiCf /SiBCN 
composites, the methods to prevent the carbothermal 
reactions and ameliorate the bonding between matrix 
and fibers are necessary to be carried out. Other 
relative researches such as BN coating on the fiber to 
restrict the carbothermal reactions and improve the 
reinforcement of SiC fibers would be accomplished in 
our future research. 
4  Conclusions 
SiCf /SiBCN ceramic composites were fabricated by hot 
pressing under diferent sintering conditions. Similar 
with the pure SiBCN matrix, the phases of SiCf /SiBCN 
composite matrix are -SiC, -SiC and BNC whose 
size is about 100 nm. However, during the sintering 
process, SiC fibers crystalize seriously and degrade, 
which is not beneficial to their strengthening efects. 
Carbothermal reactions during the sintering process 
cause the layer-fractured phenomenon and decrease the 
mechanical properties of SiCf /SiBCN composites at 
room temperature. The excess carbon in the powder 
and fibers would react with SiO2 on the surface of 
fibers and the reaction layer mainly consists of SiC 
during the sintering process. The reactions would 
further cause the strong bonding between the matrix 
and fibers and make the composite fracture in a britle 
manner. Meanwhile, with the release of gases such as 
SiO(g), CO(g) and CO2(g), micro defects in the 
transition layer would be left. When the crack spreads 
to the transition layer, it would slightly deflect in the 
layer and form the layer-fractured phenomenon in the 
fractured surfaces of specimens. 
SiCf /SiBCN composite prepared at 1900 ℃/60 MPa/    
30 min shows relatively excelent room-temperature 
mechanical properties, with the density, flexural 
strength, Young’s modulus and fracture toughness of 
2.56±0.02 g/cm3, 284.3±17.9 MPa, 183.5±11.1 GPa 
and 2.78±0.14 MPam1/2, respectively. 
Table 3   Room-temperature properties of SiCf/SiBCN 















180060  2.35±0.01  73.3±2.4   1.04±0.11   73.3±3.0  
190040  2.46±0.02  70.2±6.3   1.72±0.11   64.1±2.8  
19006030  2.56±0.02  284.3±17.9 2.78±0.14   183.5±11.1
19006060  2.57±0.01   171.8±6.5 3.66±0.08   107.3±7.3  
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